Histamine regulates many functions by binding to four histamine G-coupled receptor proteins (H1R, H2R, H3R and H4R). As H3R exerts their effects by coupling to Ga i/o proteins reducing adenosine 3 0 , 5 0 -monophosphate (cAMP) levels (a key player in the modulation of cholangiocyte hyperplasia/damage), we evaluated the role of H3R in the regulation of biliary growth. We posed the following questions: (1) Do cholangiocytes express H3R? (2) Does in vivo administration of (R)-(a)-(À)-methylhistamine dihydrobromide (RAMH) (H3R agonist), thioperamide maleate (H3R antagonist) or histamine, in the absence/presence of thioperamide maleate, to bile duct ligated (BDL) rats regulate cholangiocyte proliferation? and (3) Does RAMH inhibit cholangiocyte proliferation by downregulation of cAMP-dependent phosphorylation of protein kinase A (PKA)/extracellular signal-regulated kinase 1/2 (ERK1/2)/ets-like gene-1 (Elk-1)? The expression of H3R was evaluated in liver sections by immunohistochemistry and immunofluorescence, and by real-time PCR in cholangiocyte RNA from normal and BDL rats. BDL rats (immediately after BDL) were treated daily with RAMH, thioperamide maleate or histamine in the absence/presence of thioperamide maleate for 1 week. Following in vivo treatment of BDL rats with RAMH for 1 week, and in vitro stimulation of BDL cholangiocytes with RAMH, we evaluated cholangiocyte proliferation, cAMP levels and PKA, ERK1/2 and Elk-1 phosphorylation. Cholangiocytes from normal and BDL rats express H3R. The expression of H3R mRNA increased in BDL compared to normal cholangiocytes. Histamine decreased cholangiocyte growth of BDL rats to a lower extent than that observed in BDL RAMH-treated rats; histamine-induced inhibition of cholangiocyte growth was partly blocked by thioperamide maleate. In BDL rats treated with thioperamide maleate, cholangiocyte hyperplasia was slightly higher than that of BDL rats. In vitro, RAMH inhibited the proliferation of BDL cholangiocytes. RAMH inhibition of cholangiocyte growth was associated with decreased cAMP levels and PKA/ERK1/2/Elk-1 phosphorylation. Downregulation of cAMP-dependent PKA/ERK1/2/Elk-1 phosphorylation (by activation of H3R) is important in the inhibition of cholangiocyte growth in liver diseases.
Cholangiocytes, which are normally mitotically dormant, proliferate in a number of experimental models of cholestasis including bile duct ligation (BDL). [1] [2] [3] [4] Cholangiocyte proliferation is regulated by a number of factors including cyclic adenosine 3 0 ,5 0 -monophosphate (cAMP), [1] [2] [3] 5 gastrointestinal hormones (eg, gastrin and somatostatin), 1,2,6,7 bile salts, 2, 8 cholinergic, adrenergic and serotoninergic neurotransmitters, 1, 2, 9 and vascular growth factors. 1, 2, 10 Among these regulators of cholangiocyte proliferation, basal and agonist-induced changes in cAMP levels play a key role in the regulation of cholangiocyte growth/loss. 2, 3, 5 Although increased cAMP levels sustain cholangiocyte proliferation, decreased cAMP formation results in a reduction of cholangiocyte hyperplasia. 2, 3, 5 The aminergic peptide histamine is responsible for many functions in the body such as neurogenic functions, inflammatory responses, allergic responses and gastric secretion. [11] [12] [13] Four G-protein coupled histamine receptors (HRs) (H1R, H2R, H3R and H4R) exist. 14, 15 Although H1R act via Ga q mobilizing [Ca 2 þ ] i, 16 the activation of H2R is modulated by Ga s proteins, coupled to adenylyl cyclase. 17 H3R were first noted as presynaptic autoreceptors on brain histamine neurons, although they were also found in other cells. 18, 19 Cloning and functional characterization of the human and rat H3R cDNA show that this receptor belongs to the family of G-protein-coupled receptors. 20, 21 These early studies demonstrated that H3R agonists decrease forskolindependent cAMP accumulation. 21 Recently, H4R were cloned. 22 This receptor is over 35% homologous to the H3R and appears to have similar functions, such as its ability to inhibit forskolin-stimulated cAMP levels (although not as potently as the H3R) in bone marrow cells. 22 The rationale for studying the role of H3R in the regulation of cholangiocyte growth in BDL rats is first based on the fact that H3R exerts their effects by coupling to Ga i/o proteins with inhibition of adenylyl cyclase, 21, 22 a key factor in the regulation of cholangiocyte growth. [1] [2] [3] 5 The aims of our study were to: (i) evaluate the presence of H3R protein in bile ducts from normal and BDL rat liver sections; (ii) study the expression of H3R mRNA in purified cholangiocytes from normal and BDL rats; (iii) determine the in vivo effect of (a) the H3R agonist, (R)-(a)-(À)-methylhistamine dihydrobromide (RAMH), 23, 24 (b) the H3 HR antagonist, thioperamide maleate 25, 26 and (c) histamine, in the absence or presence of thioperamide maleate, on cholangiocyte proliferation in BDL rats; and (iv) to elucidate, in purified BDL cholangiocytes, the transduction mechanisms by which RAMH regulates the proliferation of these cells.
MATERIALS AND METHODS Materials
All reagents were purchased from Sigma Chemical Co. (St Louis, MO, USA) unless stated otherwise. Antibodies were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The substrate for g-glutamyltranspeptidase (g-GT), N(g-L-glutamyl)-4-methoxy-2-naphthylamide was purchased from Polysciences (Warrington, PA, USA). Primers for the determination of H3R mRNA in purified cholangiocytes by real-time PCR were obtained from SuperArray (Frederick, MD, USA). RIA kits for the determination of intracellular cAMP and D-myo-inositol 1,4,5,trisphosphate (IP 3 ) levels were purchased from Amersham (Arlington Heights, IL, USA). The histamine EIA kits (used for measuring histamine levels in normal and BDL serum) were obtained from Cayman Chemical (Ann Arbor, MI, USA).
Animal Model
Male Fisher 344 rats (150-175 g) were purchased from Charles River (Wilmington, MA, USA). Animals were kept in a temperature-controlled environment (221C) with a 12-h light-dark cycle. The studies were conducted in: (i) normal rats treated with NaCl (vehicle) or RAMH (10 mg/kg body weight/day) 23, 24 for 1 week; and (ii) BDL rats that, immediately after BDL, 27 were treated for 1 week with daily I.P. injections of NaCl, RAMH (10 mg/kg body weight/day), 28 thioperamide maleate (5 mg/kg body weight) 25, 26 or histamine (0.5 mg/kg body weight) 15, 29 in the absence or presence of thioperamide maleate for 1 week. The doses of RAMH, thioperamide maleate and histamine used in the present studies were similar to those used in other studies in rodents. 15, 25, 26, 28, 29 Liver blocks, serum and cholangiocytes were obtained at the end of the selected treatments. We evaluated body and liver weight from the selected groups of animals. Before each procedure, animals were anesthetized with sodium pentobarbital (50 mg/kg body weight IP). In vitro studies were performed in purified cholangiocytes from 1-week BDL rats stimulated with 0.2% BSA (basal) or RAMH (10 mM). All animals received humane care according to the criteria outlined in the 'Guide for the Care and Use of Laboratory Animals' prepared by the National Academy of Sciences and published by the National Institutes of Health and under local IACUC approval.
Purification of Cholangiocytes
Cholangiocytes were purified by immunoaffinity separation 30 utilizing a monoclonal antibody (IgM, kindly provided by Dr R Faris, Brown University, Providence, RI, USA) against an unidentified antigen expressed by all intrahepatic cholangiocytes. 30 Cell viability (approximately 97%) was determined by Trypan blue exclusion. Purity (98-99%) of cholangiocytes was assessed by g-GT histochemistry. 31 
Expression of H3 Histamine Receptors
Immunohistochemistry for H3R was performed in frozen sections (6 mm thick; n ¼ 3 per each group of animals) pretreated with cold acetone for 10 min, followed by endogenous peroxidase quenching for 5 min with methanol-peroxide solution (0.3% hydrogen peroxide solution, Santoku Chemical Industries, Tokyo, Japan) in 80% methanol (WAKO, Osaka, Japan). After washing with cold 1 Â phosphate-buffered saline (PBS), sections were incubated with a specific H3R antibody (C20, goat polyclonal, dilution, 1:100) or non-immune serum (negative control) at 41C overnight. After rinsing with 1 Â PBS, Histofine Simple Stain MAX PO (Nichirei, Tokyo, Japan) was added as secondary antibody for 1 h at room temperature. Nuclear counterstaining was performed by hematoxylin for light micrographs after detecting reactions with VECTOR NovaRED (Vector Laboratories, Inc., Burlingame, CA, USA).
Immunofluorescence for H3R in liver sections (20 mm thick; n ¼ 3 per each group of animals) from normal and BDL rats was performed as follows. Samples were fixed in 4% paraformaldehyde (in 1 Â PBS) for 10 min, followed by tissue permeabilization in PBST (1 Â PBS containing 0.2% Triton X-100). Nonspecific protein binding was blocked by 5% normal goat serum. Following incubation with a primary antibody against H3R (raised in goat, 1:5; Santa Cruz Biotechnology, Santa Cruz, CA, USA) or non-immune goat serum (negative control), together with an anticytokeratin-19 (CK-19) antibody (raised in mouse, 1:50; Vision Biosystems Inc., Norwell, MA, USA), samples were rinsed with 1 Â PBS and subsequently incubated with Cy2-conjugated anti-mouse and Cy3-conjugated anti-goat antibodies (both diluted at 1:50, Jackson Immunochemicals, West Grove, PA, USA) Following immunohistochemistry or immunofluorescence, samples were observed either with the light microscope ECLIPSE E600 (Nikon, Kawasaki, Japan) or an Olympus IX71 inverted confocal microscope.
For immunofluorescence for H3R in cholangiocyte smears from normal and BDL rats, samples were pretreated with cold acetone for 10 min, followed by blocking of nonspecific protein binding using normal goat serum. Following incubation with the H3R antibody or nonimmune serum (negative control), samples were rinsed with 1 Â PBS and subsequently incubated with Alexa 488-conjugated antigoat antibody (dilution, 1:100, Molecular Probes, Eugene, OR, USA) as secondary antibody for 1 h at room temperature. Following immunohistochemistry or immunofluorescence, samples were observed either with the light microscope ECLIPSE E600 (Nikon, Kawasaki, Japan) or fluorescence microscope DMRXA/HC (LEICA, Tokyo, Japan).
To evaluate the expression of H3R mRNA in total cholangiocyte RNA (0.75 mg) from normal and BDL rats, we employed the RT 2 real-time assay from SuperArray (Frederick, MD, USA). RNA was extracted utilizing the RNeasy Mini Kit (Qiagen Inc., Valencia, CA, USA) according to the instructions provided by the vendor. RNA was extracted from normal and BDL cholangiocytes (1 Â 10 5 ) and reverse transcribed using the Reaction Readyt First Strand cDNA synthesis kit (SuperArray, Frederick, MD, USA). These reactions were then used as templates for the PCR assays. SYBR Green PCR master mix was utilized in the experimental assay. One microliter of previously prepared template was added to 12.5 ml of master mix, 10.5 ml of DI water and 1 ml of RT 2 PCR rat primers (SuperArray, Frederick, MD, USA) designed specifically for the messages for H3R and glyceraldehyde-3-phosphate dehydrogenase (GAPDH), the housekeeping gene. 32 The plate was then placed in the real-time thermal cycler (ABI Prism 7900HT sequence detection system) and run on a two-step PCR cycling program for 951C for 10 min followed by 40 cycles of 951C for 15 s and 601C for 1 min. A DDC T analysis was performed using the normal pooled cholangiocytes as the control sample. Data were expressed as relative mRNA levels7s.e.m. of H3R to GAPDH ratio (n ¼ 3).
In Vivo Studies Evaluation of liver, body weight and liver to body weight ratio, necrosis, lobular damage, and histamine, transaminase and bilirubin serum levels and cholangiocyte apoptosis In the selected groups of animals, we evaluated the changes in necrosis, lobular morphology (disarrangement of hepatocytes), histamine, transaminases and bilirubin serum levels, and cholangiocyte apoptosis.
Ten randomly selected portal areas, as well as surrounding lobular areas, were evaluated using light microscopy of hematoxylin and eosin stained sections (5 mm thick, 3 sections evaluated per each group of animal). For quantification of damage, the following categories were applied: 0, null; 1, limited to portal area; 2, intermediate; and 3, pan lobular. Liver sections were examined in a coded fashion by light microscopy with an Olympus BX-40 (Tokyo, Japan) microscope equipped with a camera. Histamine serum levels of normal and BDL rats were evaluated by commercially available EIA kits (Cayman Chemical). To evaluate liver damage, serum samples from BDL rats, treated with NaCl or RAMH for 1 week, were analyzed for transaminases (aspartate transaminase (AST) and alanine transaminase (ALT)) and direct bilirubin. Transaminases and direct bilirubin levels were measured using a Dimension s RxL Max* Integrated Chemistry System (Dade Behring Inc., Deerfield, IL, USA).
We evaluated cholangiocyte apoptosis by terminal deoxynucleotidyl transferase biotin-dUTP nick end labeling (TUNEL) analysis 33 in paraffin-embedded liver sections (5 mm, three slides evaluated for each group) from the selected group of animals. Following counterstaining with hematoxylin solution, liver sections were examined by light microscopy with an Olympus BX-40 microscope (Tokyo, Japan) equipped with a camera. Approximately 100 cells per slide were counted in a coded fashion in 10 non-overlapping fields.
Evaluation of cholangiocyte proliferation and cAMP levels
To evaluate the effects of RAMH, thioperamide maleate or histamine (in the absence or presence of thioperamide maleate) on cholangiocyte proliferation, we measured the number of proliferating cellular nuclear antigen (PCNA)-and CK-19-positive cholangiocytes (by immunohistochemistry in paraffin-embedded sections, 5 mm thick, three slides analyzed per animal, n ¼ 2 animals) 34 and g-GT-positive ducts (by histochemistry in frozen sections, 5 mm thick, three slides analyzed per animal, n ¼ 2 animals) 31 in sections from the selected group of animals. Following staining, slides were counterstained with hematoxylin and examined in a coded fashion with an ECLIPSE E6000 microscope (Nikon, Japan). Data were expressed as number of PCNA-or CK-19-positive cholangiocytes per 100 cholangiocytes. For g-GT staining, data were expressed as % bile duct volume per each portal tract examined (10 randomly selected portal areas were evaluated).
We measured PCNA (an index of cell replication) 33 protein expression by immunoblots in protein (10 mg) whole-cell lysate from brain (positive control) or purified cholangiocytes from BDL rats treated with NaCl or RAMH for 1 week. Proteins were visualized using chemiluminescence (ECL Plus kit, Amersham Life Science). Blots were normalized against the housekeeping protein, b-actin. 35 The intensity of the bands was determined by scanning video densitometry using the phospho-imager, Storm 860, Amersham Biosciences (Piscataway, NJ, USA) using the ImageQuant TLV 2003.02.
We measured intracellular basal cAMP levels (a key regulatory determinant of cellular proliferation including ductal hyperplasia) 5, 36, 37 in purified cholangiocytes from normal or BDL rats, which immediately after BDL, were treated with NaCl-or RAMH for 1 week. After purification, cholangiocytes were incubated for 1 h at 371C to restore surface proteins damaged by treatment with proteolytic enzymes. 38 In each experiment, 0.5 mM 3-isobutylmethylxanthine, a phosphodiesterase inhibitor, was added. Following ethanol extraction, basal cAMP levels were measured by radioimmunoassay using commercial kits (Amersham) according to the instructions supplied by the vendor.
Evaluation of the phosphorylation of the PKA-ERK1/2-Elk-1 signaling pathway As RAMH did not alter the growth of normal cholangiocytes, we evaluated the effect of RAMH for changes in the phosphorylation of the PKA-extracellular signal-regulated kinase 1/2 (ERK1/2)-ets-like gene-1 (Elk-1) signaling pathway only in BDL cholangiocytes. The expression levels of phosphorylated PKA-ERK1/2-Elk-1 in cholangiocytes from NaCl and RAMH-treated BDL rats were evaluated by Figure 1 Immunohistochemistry for H3R in paraffin-embedded liver sections from normal and 1-week BDL rats. By immunohistochemistry (scale bar ¼ 50 mm), there was cytoplasmic and membranous staining for H3R in cholangiocytes from normal and BDL rats. H3R were also expressed by hepatocytes from normal and BDL rats. No immunohistochemical reaction was observed when normal or BDL liver sections were incubated with non-immune serum.
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immunoblots. Membranes were stripped for determining protein expression of total PKA-ERK1/2-Elk-1. Proteins were visualized using chemiluminescence (ECL Plus kit, Amersham Life Science). The intensity of the bands was determined by scanning video densitometry using the phospho-imager, Storm 860, Amersham Biosciences using the ImageQuant TLV 2003.02.
In Vitro Studies
To determine if the effects of RAMH on cholangiocyte proliferation, cAMP levels and the phosphorylation of cAMPdependent PKA-ERK1/2-Elk-1 are due to a direct interaction of RAMH with H3R on cholangiocytes (rather than an indirect action), purified cholangiocytes from 1 week BDL rats were treated in vitro with 0.2% BSA (basal) or RAMH (10 mM). Cholangiocyte proliferation was evaluated by PCNA protein expression by immunoblotting in cholangiocytes stimulated at 371C for 3 h with 0.2% BSA (basal) or RAMH (10 mM). The amount of protein loaded was normalized against b-actin. 35 Proteins (10 mg) were visualized using chemiluminescence (ECL Plus kit, Amersham Life Science). The intensity of the bands was determined by scanning video densitometry using the phospho-imager, Storm 860, Amersham Biosciences using the ImageQuant TLV 2003.02.
Following incubation at 371C for 1 h, intracellular cAMP levels (a key player in the regulation of cholangiocyte hyperplasia) [1] [2] [3] 5 were determined in cells treated at room temperature for 5 min 38, 39 with (i) 0.2% BSA or (ii) RAMH (10 mM) in the absence or presence of pertussis toxin (PTX) (1 mM). 40 To determine that RAMH has no effect on the Ga o activated signaling pathway (phospholipase C/IP 3 /Ca 2 þ / PKCa-dependent pathway), 41, 42 we measured intracellular IP 3 levels in cholangiocytes stimulated at room temperature for 10 min 43 with (i) 0.2% BSA or (ii) RAMH (10 mM). Intracellular cAMP and IP 3 levels were determined by RIA (Amersham) according to directions supplied by the vendor.
We evaluated, by immunoblots, the effects of RAMH on the phosphorylation of PKA-ERK1/2-Elk-1 in protein (10 mg) from whole-cell lysate from cholangiocytes stimulated with (i) 0.2% BSA or (ii) RAMH (10 mM) for 90 min at 371C. After stripping, immunoblots were normalized with total amounts from each protein. Proteins (10 mg) were visualized using chemiluminescence (ECL Plus kit, Amersham Life Science). The intensity of the bands was determined by scanning video densitometry using the phospho-imager, Storm 860, Amersham Biosciences using the ImageQuant TLV 2003.02.
Statistical Analysis
All data are expressed as mean7s.e.m. The differences between groups were analyzed by Student's t-test when two groups were analyzed, or analysis of variance (ANOVA) if more than two groups were analyzed. A P-value o0.05 was used to indicate statistically significant differences.
RESULTS

Cholangiocytes Express H3 Histamine Receptors
We performed immunohistochemistry ( Figure 1 ) and immunofluorescence ( Figure 2 ) for H3R in liver sections from normal and BDL rats and present cytoplasmic and membranous staining in cholangiocytes. By immunofluorescence, H3R immunoreactivity was colocalized with the expression of CK-19 (as a marker of cholangiocytes) 39 ( Figure 2 ). H3R were also expressed by hepatocytes from normal and BDL rats (Figures 1 and 2) . No immunohistochemical or immunofluorescent reaction was observed when liver sections were incubated with non-immune serum (Figures 1 and 2) . By immunofluorescence, we have shown that smears of isolated cholangiocytes from both normal and BDL rats express H3R (Figure 3a) . By real-time PCR, we found that: (i) normal cholangiocytes express H3R mRNA ( Figure 3b ) and (ii) the expression of H3R mRNA significantly increased in cholangiocytes from BDL rats (Figure 3b ).
In Vivo Studies
Evaluation of liver, body weight and liver to body weight ratio, and histamine, transaminase and bilirubin serum levels, necrosis, lobular damage and cholangiocyte apoptosis There were no significant changes in the body weight of BDL rats treated with NaCl or RAMH for 1 week (Table 1) . Consistent with the concept that RAMH decreases cho- Figure 2 Immunofluorescence for H3R in frozen liver sections from normal and 1 week BDL rats. By immunofluorescence in liver sections, there was cytoplasmic and membranous staining (arrows) for H3R in cholangiocytes from normal and BDL rats. By immunofluorescence, H3R immunoreactivity (red) was colocalized with CK-19 immunoreactivity (green; indicated by arrows) demonstrating cholangiocyte expression (scale bar ¼ 20 mm); sections were counterstained with DAPI. H3R were also expressed by hepatocytes from normal and BDL rats. No immunofluorescent reaction was observed when normal or BDL liver sections were incubated with nonimmune serum.
langiocyte proliferation, liver and liver to body weight ratio (an index of liver growth including cholangiocytes) 27 decreased in BDL rats treated with RAMH compared to BDL rats treated with NaCl (Table 1) . In BDL rats treated with RAMH, there was a decrease in the serum levels of bilirubin and AST (but not ALT) compared to BDL rats treated with NaCl (Table 1) . Histamine serum levels of normal rats (36.274.2 ng/ml; n ¼ 7) were similar to those shown in previous studies 44 and increased following BDL (50.773.6; n ¼ 7; Po0.05 vs histamine serum levels of normal rats). 
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There were no significant changes in necrosis and apoptosis in liver sections from the selected groups of animals ( Table  2 ). Both RAMH and histamine decrease the degree of lobular damage compared to BDL rats treated with NaCl (Table 2) ; no differences in lobular damage were observed between BDL rats treated with histamine plus thioperamide maleate or thioperamide maleate alone (Table 2) .
Chronic in vivo administration of RAMH decreases cholangiocyte proliferation In BDL rats, chronic RAMH administration decreased the number of PCNA-positive cholangiocytes in liver sections compared to liver sections from rats receiving NaCl ( Figure  4) . Similarly, there was a significant decrease in the number of CK-19-positive cholangiocytes ( Figure 5 ) and g-GT-positive ducts (Figure 6 ) in liver sections compared to liver sections from NaCl-treated BDL rats. Similar to RAMH, the administration of histamine to BDL rats significantly decreased the number of PCNA-and CK-19-positive cholangiocytes (Figures 4 and 5 ) and g-GT-positive ducts ( Figure 6 ) in liver sections compared to liver sections from BDL rats treated with NaCl; however, the decrease in cholangiocyte growth (by histamine administration alone) was smaller than that observed in BDL rats treated with RAMH (Figures 4-6) . Consistent with the concept that H3R regulate cholangiocyte growth of BDL rats, histamine inhibition of cholangiocyte growth was partly blocked by thioperamide maleate (Figures 4-6) ; however, in the BDL rats treated with histamine þ thioperamide maleate, cholangiocyte growth was still significantly lower than that of BDL rats (Figures 4-6) . In BDL rats treated with thioperamide maleate, cholangiocyte proliferation and ductal hyperplasia was slightly higher (although not significant) than that of BDL rats (Figures 4-6 ). PCNA protein expression was also decreased in cholangiocytes purified from BDL rats treated with RAMH compared to cholangiocytes from NaCl-treated BDL rats (Figure 7a ). Chronic administration of RAMH to normal rats had no effect on the number of PCNA-or CK-19-positive cholangiocytes or g-GT-positive ducts compared to normal rats receiving NaCl (not shown).
Consistent with the concept that decreased cholangiocyte proliferation is associated with reduced cAMP levels (a key regulator of cholangiocyte proliferation), [1] [2] [3] 5 in vivo treatment of BDL rats with RAMH significantly (Po0.05) decreased intracellular cAMP levels (82.9775.50 fmol/1 Â 10 5 cells, n ¼ 7) of purified cholangiocytes compared to cholangiocyte cAMP levels from NaCl-treated BDL rats (111.1078.57 fmol/1 Â 10 5 cells, n ¼ 7). Administration of RAMH to normal rats did not alter cAMP levels of cholangiocytes compared to cholangiocytes from normal rats treated with NaCl (not shown).
Effect of chronic in vivo administration of RAMH on the phosphorylation of the cAMP-dependent PKA-ERK1/2-Elk-1 signaling pathway Administration of RAMH to BDL rats induced a decrease in the phosphorylation of PKA (expressed as ratio to total PKA protein expression) in purified cholangiocytes compared to cholangiocytes from BDL rats treated with NaCl (Figure 7b ). ERK1/2 phosphorylation (expressed as ratio to total ERK1/2 protein expression) was significantly decreased in cholangiocytes from BDL þ RAMH-treated animals compared to cholangiocytes from BDL rats treated with NaCl ( Figure 8 ). Liver to body weight ratio decreased in BDL rats treated with RAMH compared to BDL rats treated with saline. In BDL rats treated with RAMH, there was a decrease in the serum levels of bilirubin and AST (but not ALT) compared to BDL rats treated with saline. *Po0.05 compared to rats treated with saline for 1 week.
NS
Not significant vs saline-treated BDL rats. Ten randomly selected portal areas, as well as surrounding lobular areas, were evaluated using light microscopy of H & E stained sections (5 mm thick, three sections evaluated per each group of animal). For quantification of damage, the following categories were applied: 0, null; 1, limited to portal area; 2, intermediate; 3 pan lobular. Apoptosis was evaluated by TUNEL. There were no significant changes in necrosis and cholangiocyte apoptosis in liver sections from the five groups of animals. RAMH and histamine decreases the degree of lobular damage compared to BDL rats treated with saline; no differences in lobular damage were observed between BDL rats treated with histamine plus thioperamide maleate or thioperamide maleate alone. Data are mean7s.e.m. of cumulative five values from the evaluation of 10 randomly selected portal areas. *Po0.05 compared to rats treated with saline for 1 week.
NS not significant vs saline-treated BDL rats.
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Chronic administration of RAMH to BDL decreased the phosphorylation of Elk-1 (expressed as ratio to total Elk-1 protein expression) in cholangiocytes compared to cholangiocytes from NaCl-treated rats (Figure 9a ).
In Vitro Studies
Effects of RAMH on cholangiocyte proliferation and cAMP and IP 3 levels Parallel to the in vivo studies, in vitro stimulation of purified BDL cholangiocytes with RAMH (10 mM) induced a significant decrease in PCNA protein expression compared to cholangiocytes treated with 0.2% BSA (Figure 9b ). Intracellular cAMP levels were decreased in BDL cholangiocytes treated in vitro with RAMH compared to cAMP levels of cholangiocytes treated in vitro with 0.2% BSA (Figure 10 ). RAMH-induced inhibition of cAMP levels was blocked by in vitro pretreatment of BDL cholangiocytes with the G-protein inhibitor, PTX. 40 PTX alone did not alter cAMP levels of BDL cholangiocytes (Figure 10 ). In vitro stimulation with RAMH did not change intracellular IP 3 levels of BDL cholangiocytes compared to cholangiocytes treated with BSA (data not shown), thus demonstrating that IP 3 is not involved in H3R inhibition of cholangiocyte growth.
In vitro effect of RAMH on the phosphorylation of the cAMP-dependent PKA-ERK1/2-Elk-1 signaling pathway In vitro RAMH induced a decrease in PKA phosphorylation in purified BDL cholangiocytes compared to BDL cholangiocytes treated with BSA (Figure 11a ). ERK1/2 ( Figure   Figure 4 Measurement of the number of PCNA-positive cholangiocytes in liver sections from rats that (immediately after BDL) were treated with NaCl, RAMH, thioperamide maleate (H3R antagonist) or histamine in the absence or presence of thioperamide maleate for 1 week. In BDL rats, chronic RAMH administration induced a decrease in the number of PCNA-positive (see arrows) cholangiocytes compared to NaCl-treated rats. Administration of histamine to BDL rats significantly decreased the number of PCNA-positive cholangiocytes compared to BDL rats treated with NaCl; however, the decrease in the number of PCNA-positive cholangiocytes (by histamine administration alone) was less than that observed in BDL rats treated with RAMH (arrows). Histamine inhibition of the number of PCNA-positive cholangiocytes was partly blocked by thioperamide maleate; however, in the BDL rats treated with histamine þ thioperamide maleate, the number of PCNA-positive cholangiocytes was still significantly lower than that of BDL rats treated with NaCl. In BDL rats treated with thioperamide maleate, the number of PCNA-positive cholangiocytes was slightly higher (although not significant) than that of BDL rats. Data are mean7s.e.m. of five cumulative values from 10 randomly selected portal areas. *Po0.05 vs corresponding value from BDL rats treated with NaCl. # Po0.05 vs corresponding value from BDL rats treated with RAMH. Original magnification, Â 20. (Figure 11c ) phosphorylation was significantly decreased in cholangiocytes treated with RAMH compared to purified BDL cholangiocytes treated with BSA.
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DISCUSSION
The findings of our study demonstrate that the activation of the specific H3R on cholangiocytes inhibits biliary proliferation induced by BDL. 27 Similar to RAMH, the administration of histamine to BDL rats significantly decreased cholangiocyte proliferation compared to BDL rats treated with NaCl; however, the decrease in cholangiocyte growth (by administration of histamine alone) was smaller than that observed in BDL rats treated with RAMH. Histamine inhibition of cholangiocyte growth was partly blocked by thioperamide maleate. In BDL rats treated with thioperamide maleate, ductal hyperplasia was slightly higher (although not significant) than that observed in BDL rats treated with NaCl.
In vitro, RAMH inhibited the proliferation of BDL cholangiocytes. The in vivo and in vitro RAMH-induced inhibition of cholangiocyte growth was mediated by a cAMPdependent decrease of the phosphorylation of PKA-ERK1/2-Elk-1.
The mechanism by which cholangiopathies develop and progress towards ductopenia is unclear. 45 A major event to be considered is the impairment of the proliferative response of cholangiocytes, which involves apoptotic cell death. 1, 45, 46 Apoptosis of cholangiocytes in the course of primary biliary cirrhosis (PBC) and primary sclerosing cholangitis (the two most common of the cholangiopathies) 1, 45 has been associated with the local release of mediators by cells of the immune system. [47] [48] [49] Indeed, some of those mediators like nitric oxide and cytokines have been shown to affect cholangiocyte biology. 50 Furthermore, in chronic liver diseases including PBC there is increased number of mast cells, 51 which causes a Figure 5 Measurement of the number of CK-19-positive cholangiocytes in liver sections from rats (that immediately after BDL) were treated with NaCl, RAMH, thioperamide maleate (H3R antagonist) or histamine in the absence or presence of thioperamide maleate for 1 week. In BDL rats, chronic RAMH administration induced a decrease in the number of CK-19-positive (see arrows) cholangiocytes compared to NaCl-treated rats. Administration of histamine to BDL rats significantly decreased the number of CK-19-positive cholangiocytes compared to BDL rats treated with NaCl; however, the decrease in the number of CK-19-positive cholangiocytes (by histamine administration alone) was less than that observed in BDL rats treated with RAMH (arrows). Histamine inhibition of the number of CK-19-positive cholangiocytes was partly blocked by thioperamide maleate; however, in the BDL rats treated with histamine þ thioperamide maleate, the number of CK-19-positive cholangiocytes was still significantly lower than that of BDL rats treated with NaCl. In BDL rats treated with thioperamide maleate, the number of CK-19-positive cholangiocytes was slightly higher (although not significant) than that of BDL rats. Data are mean7s.e.m. of five cumulative values from 10 randomly selected portal areas. *Po0.05 vs corresponding value from BDL rats treated with NaCl. # Po0.05 vs corresponding value from BDL rats treated with RAMH. Original magnification, Â 20.
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local increase of histamine. 51 Moreover, histamine serum levels are increased in patients with chronic cholestatic liver diseases. 52 Our findings are relevant to these cholangiopathies, as we have demonstrated that histamine, increased histamine serum levels and activation of H3R modulate the proliferative response of cholangiocytes to cholestasis.
BDL-induced cholangiocyte proliferation is characterized by increased intrahepatic ductal mass 27 compared to normal rats. In our study, chronic in vivo administration of RAMH to BDL rats decreased the number of bile ducts compared to NaCl-treated BDL rats. In support of our findings, studies have shown that HR agonists regulate mitosis in other cell types. [53] [54] [55] For example, RAMH stimulates cell proliferation and migration in rat oxyntic mucosa. 55 Conversely, our present studies demonstrated that RAMH inhibits, both in vivo and in vitro, hyperplastic cholangiocyte proliferation of BDL rats. This difference between the inhibitory effects of RAMH observed in cholangiocytes and the stimulatory effect of this H3R agonist on rat oxyntic mucosa 55 is likely due to the different cell target. In support of this concept, studies have shown that gastrin induces the growth of normal 56 and neoplastic tissues, 57 but inhibits the hyperplastic growth of BDL cholangiocytes 2 and the neoplastic growth of biliary 58 and pancreatic 59 cancers. Histamine is known to interact with four receptor subtypes.
14,15 Thus, we performed a series of experiments to pinpoint the role of the H3R in histamine modulation of cholangiocyte proliferative response to cholestasis. We observed that the in vivo administration of RAMH to BDL rats decreased cholangiocyte growth to a higher extent compared to histamine. These results suggest that endogenous histamine also interacts with other HRs, exerting an opposite, pro-proliferative effect. In this regard, we have shown that the activation of H1R and H2R enhances normal cholangiocyte growth. 60 The findings of our current study show that when BDL rats are administered with the H3R selective antagonist, thioperamide maleate, the increase of bile duct mass in reaction to cholestasis is higher (although not significant) than BDL rats. As H3R are also expressed by hepatocytes, there may indeed be some interactions between cholangiocytes and hepatocytes to modulate the in vivo effects of H3R on cholangiocyte proliferation. However, because we have shown that the inhibition of RAMH on cholangiocyte proliferation occurs in vitro, using a cholangiocyte isolation procedure that excludes hepatocytes, we demonstrated that the in vivo inhibition of RAMH on cholangiocyte growth is a direct effect rather than an effect mediated by hepatocytes.
We evaluated the effect of chronic administration of RAMH on lobular damage, cholangiocyte apoptosis and bilirubin and transaminase serum levels and showed that RAMH ameliorates lobular damage and decreases the serum levels of bilirubin and AST compared to BDL rats treated with NaCl. Supporting our present study, earlier studies have shown that the pro-drug of RAMH reduced the necrotic changes induced by CCl 4 treatment and inhibited the increase of plasma AST and ALT activities. 61 Similarly, pretreatment with histamine ameliorated the D-galactosamine/ lipopolysaccharide-induced necrotic and apoptotic changes in the hepatocytes and inhibited the elevation of serum AST levels. 62 We next: (i) performed in vitro studies to demonstrate that RAMH inhibits cholangiocyte proliferation by directly interacting with H3R; and (ii) evaluated the intracellular mechanisms by demonstrating that RAMH-inhibition of cholangiocyte growth is associated with changes in the cAMP-dependent PKA/ERK1/2/Elk-1 pathway, which regulates the mitosis of a number of cells including cholangiocytes. 5, 10, 63 cAMP accumulation is linked to Ga s stimulation inducing increased cell proliferation. 64 In contrast, when the Ga i protein is activated there is a negative regulation of cAMP that leads to decreased proliferation via downregulation of PKA and the mitogen-activated protein kinase (MAPK) pathway. 64 Previous studies have shown that Figure 6 Measurement of the number of g-GT-positive ducts in liver sections from rats that (immediately after BDL) were treated with NaCl, RAMH, thioperamide maleate (H3R antagonist) or histamine in the absence or presence of thioperamide maleate for 1 week. In BDL rats, chronic RAMH administration induced a decrease in the number of g-GT-positive ducts compared to NaCl-treated rats. Administration of histamine to BDL rats significantly decreased the number of g-GT-positive ducts compared to BDL rats treated with NaCl; however, the decrease in the number of g-GTpositive ducts (by histamine administration alone) was less than that observed in BDL rats treated with RAMH (arrows). Histamine inhibition of the number of g-GT-positive ducts was partly blocked by thioperamide maleate; however, in the BDL rats treated with histamine þ thioperamide maleate, the number of g-GT-positive ducts was still significantly lower than that of BDL rats treated with NaCl. In BDL rats treated with thioperamide maleate, the number of g-GT-positive ducts was slightly higher (although not significant) than that of BDL rats. Data are mean7s.e.m. of 16 cumulative values from 10 randomly selected portal areas. *Po0.05 vs corresponding value from BDL rats treated with NaCl. # Po0.05 vs corresponding value from BDL rats treated with RAMH. Histamine regulation of cholangiocyte growth H Francis et al increased cholangiocyte growth is closely coupled with enhanced cAMP levels, 5, 39, 65 whereas reduced cholangiocyte proliferation is associated with decreased cAMP levels. 66 Maintenance of cAMP levels by the administration of forskolin or b1-and b2-adrenergic receptor agonists prevents the stimulatory effects of cholinergic or adrenergic denervation, respectively, on cholangiocyte apoptosis. 34, 65 Furthermore, upregulation of the cAMP system (by chronic forskolin administration) alone is sufficient to induce cholangiocyte hyperplasia in normal rats, similar to the BDL rat model. 5 Our study shows that chronic administration of the H3R agonist, RAMH to BDL rats induced a decrease in cholangiocyte cAMP levels compared to cAMP levels of cholangiocytes from BDL rats treated with NaCl. Similarly, in vitro, RAMH induced a decrease in intracellular cAMP levels that was abolished by pretreatment with the general G i -protein inhibitor, PTX, 67 demonstrating a Ga i , PKA-dependent inhibition of adenylyl cyclase and cAMP levels. Figure 7 (a, left panel) Measurement of PCNA protein expression in purified cholangiocytes from rats that (immediately after BDL) were treated with NaCl or RAMH for 1 week. PCNA protein expression was decreased in cholangiocytes from BDL rats treated with RAMH compared to cholangiocytes from NaCltreated rats. Data are mean7s.e.m. of five experiments. *Po0.05 vs corresponding value from BDL rats treated with NaCl. (b, right panel) Measurement of the phosphorylation of PKA in cholangiocytes from rats that (immediately after BDL) were treated with NaCl or RAMH for 1 week. Chronic in vivo administration of RAMH to BDL rats induced a decrease in the phosphorylation of PKA (expressed as ratio to total PKA protein expression) in purified cholangiocytes compared to cholangiocytes from BDL rats treated with NaCl. Data are mean7s.e.m. of three experiments. *Po0.05 vs corresponding value from BDL rats treated with NaCl. Figure 8 ERK1/2 phosphorylation (expressed as ratio to total ERK1/2 protein expression) was significantly decreased in cholangiocytes from BDL þ RAMH-treated animals compared to cholangiocytes from BDL rats treated with NaCl. Data are mean7s.e.m. of three experiments. *Po0.05 vs corresponding value from BDL rats treated with NaCl.
cAMP-dependent PKA regulation of cell growth involves signaling by the specific MAP kinase, ERK1/2. 69 This effect, however, is determined by the type of cells involved and can entail either positive or negative regulation. Histamine has been shown to increase ERK1/2 MAPkinase activity in vascular smooth muscle 70 and, specifically, the H1R also induces an increase in phosphorylation of ERK1/2 in bovine adrenal chromaffin cells. 71 In our study, involvement of cAMP/PKA in the anti-proliferative effects of histamine (via the H3R agonist) is further supported by our findings that RAMH decreases active site phosphorylation for ERK1/2. To further elucidate the mechanisms regulating the inhibition of proliferation by RAMH, we evaluated the role of Elk-1, a member of the ETS-domain family of transcription factors. 72 Studies in human glioblastoma cells show: (i) protein kinase B inhibits Elk-1 expression by downregulation of the MEK-ERK pathway; 73 and (ii) activation and nuclear translocation of ERK1/2 induces activation of Elk-1. 74 Parallel with these findings, 73, 74 we demonstrated that the reduction of ERK1/2 phosphorylation by RAMH results in decreased Elk-1 phosphorylation.
In summary, we propose that in cholestatic liver diseases (eg, after BDL) cholangiocyte proliferation is regulated by a fine balance between the stimulatory (by activation of H1R and H2R) and inhibitory (by activation of H3R and H4R) effects of endogenous histamine. This study indicates that the excessive proliferation of cholangiocytes in the course of cholestatic liver diseases could be counterbalanced by the selective activation of H3R, which mediate inhibition of intrahepatic ductal mass. 
